The technique of high resolution Brillouin spectroscopy has been used to determine longitudinal and transverse acoustic velocities in isotropic polycrystalline aggregates of ice Ih, 11, 111, V and VI. The data can be explained on the basis of a classification scheme, founded on knowledge of hydrogen-bonding. The bulk moduli (+5%) derived from the velocity data, for ice 11, 111, V and VI are 138.9, 98.7, 141.9, and 181.4 kbar respectively. Also, the density has been measured using a new technique.
Introduction
Since the most complete hydrogen-bonded materials are probably the various solid crystalline phases of water, these substances are ideally suited to studies, including the elastic properties, which provide information which can be used to refine hydrogen-binding models of the water-water interaction, for example [ I -4 1 . Ice studies are also important because of recent discoveries of extraterrestrial H,O, which exists in low temperature and/or high pressure environments elsewhere in the solar system, reviewed in refs. [ 5 -6 1 .
Experimental Technique
The technique of Brillouin spectroscopy is discussed in the previous paper and details of the light scattering setup, data aquisition system and high pressure cell are referred to there.
The Brillouin equation requires a knowledge of the refractive index of the scattering medium. The method of refs. [7- 81 was used to obtain the refractive indices from densities. Reliable density data was needed for this analysis.
Essentially the technique used to determine the density' involved measuring the amount of compression that an ice sample experienced when hydrostatic pressure was applied to it. A sample, cut from a single crystal of Mendenhall glacial ice, was confined within a thick-walled stainless steel cylindrical chamber ( Figure I ), inside the high pressure cell. One end was sealed and the other end was open so that any pressure induced change in the sample's volume was translated into a change in its length, by extrus'on, since its diameter remained fixed, ie. AV/V=AL/L, where V is volume and L is the length of the sample. AL was measured by recording the movement of a glass plug which was frozen to the end of the ice specimen.
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In the above expressions p denotes density in g/cm3 and P denotes pressure in kbar . 
F
By rapidly freezing vigorously boiled deionised water, samples of bubble free, polycrystalline aggregates of very small, and uniform crystallites, were produced for the light scattering experiments. To prevent ice samples from grossly deforming during phase transformations it was necessary to partially confine them in a glass cell (Figure 3 ) which would allow them to expand and contract lengthwise, and yet preserve their cylindrical shape.
Five different specimens were used in the light scattering work. Most of the Brillouin experiments were conducted at a temperature of -35.5OC, except for ice 111, which were conducted at -27.2OC. A typical averaged data point was obtained by setting the pressure at a desired value within the stability region of a given phase, and then running a set of eight different Brillouin scattering experiments at evenly spaced sample rotation settings, fully spanning 360°. These were then averaged and the result was assumed to be a reasonable estimate for the acoustic velocity in homogeneous polycrystalline ice of that particular phase, at that pressure. This approach was verified by obtaining averaged frequency shifts for three different polycrystalline samples of ice Ih at zero pressure, and comparing the values with those calculated from an averaging procedure using the elastic constants of ice Ih (see previous paper). The experimental results were in excellent agreement, within .3%, with the calculated value. The transverse frequency shift components, which were characteristically much weaker than the longitudinal components, were often PRESSURE (kborl lost in the background noise so that averaged transverse shifts were not obtained at each pressure setting and are therefore presented as single data point values. The uncertainties associated with the measured frequency shifts of longitudinal and transverse components, for any particular Brillouin scattering experiment, were typically +1.5% and f3.5% respectively. The standard deviations in the longitudinal measurements for ice 11, 111, V and VI were f2.3%, f2.8%, i2% and k1.5% respectively. Hence, ice VI appeared to be the most isotropic of the ices. 
Results and Analysis
Upon examination of the data in Figure 4 the most striking feature is the drop in longitudinal velocity in ice I11 compared with ice Ih, though the density increased by -20%. Also the velocity of ice I1 is high relative to that of ice I11 and ice V, though the density of ice I1 was only slightly higher than ice I11 and less than ice V. In the efforts made to explain these, and other general features, the following picture, based on strengths of the hydrogen bonds, emerged.
Three classes serve to distinguish the five ices studied here. Class 1 encompasses those ices which are proton disordered with linear hydrogen bonds.
Ice Ih belongs to this class. The ices 111, V and VI belong to Class 2, which are disordered ices with 0-H . . . 0 bonds that deviate from linearity by comparable degrees. Class 3 contains proton ordered ices which have nonlinear hydrogen bonds. Ice I1 belongs to Class 3. Linear hydrogen bonds are stronger than bent ones of comparable length, and so are proton-ordered bonds as compared to disordered ones.
Based on the results of ultrasonic experiments on various rocks, it has been suggested [ 9 ] that the density and velocity of compressional waves are linearly related for solids of constant mean atomic weight. Results from the previous paper confirmed this for ice Ih. The velocity data [lo] for ice 111, and ice V, also separately verified the hypothesis. The longitudinal velocities from the present work, corresponding to the pressure at the midpoints of the three sets of density data for the ices 111, V and VI, which are Class 2 ices, were plotted against the associated densities, and again, a good fit was obtained ( Figure 5 ). The velocity of ice 11, a Class 3 phase, lies above the velocity-density line of Class 2 ices because it is proton ordered. Ice Ih, which is a disordered phase belonging to Class 1, has linear hydrogen bonds which are the shortest of any phase, and consequently its longitudinal velocity lies well above the velocity-density line of ices 111, V and VI. Ice VII is a disorderd phase, with 0 -H . . .O bonds that are linear. This puts it in Class 1, however, some distinction has to be made between this ice and ice Ih because the hydrogen bonds of ice Ih are short. Class 1, refers to disordered ices with short linear bonds, such as ice Ih, and Class lb refers to disordered ices which have moderate-to-long linear bonds, such as ice VII. The velocity of ice VII [ 7 ] , as expected, lies above the velocity-density line of the Class 2 ices, even though the studies were performed at a temperature which was 55OC higher than the present work. [lo] at -25OC. The boxed data points and best-fit curves shown for ice Ih were obtained from the elastic constants of the previous paper. All of the present velocity data was obtained at -35.5OC. except for ice 111, which was obtained at -27.2OC. Table I gives the classification of most known ice polymorphs and rank, from highest to lowest velocity, of each classification assuming that the velocity- ices. The data point for ice 9 40. VII was obtained by [ 7 ] at OD~S~TI (g/cm31 density slopes of the different classes are similar. No other velocity data exists for other ice phases, however, there are thermal conductivity data for several polymorphs [9] which can be used to test the classification scheme. If the product of the heat capacity and phonon mean free path do not change significantly, or vary proportionally with phonon velocity, from phase to phase, the thermal conductivity should faithfully reflect the qualitative features, at least, of the pattern of longitudinal velocities exhibited by the different phases. There is a remarkable correspondence between the thermal conductivity versus density data (extrapolated to. -250 K) [ll] and the present velocity data (plus the other value [7] for ice VII). The conductivities of the Class 2 ices 111, V and VI fall nearly on a straight line. Ice VII is above this line. Furthermore, ice VIII, which belongs to yet another class of structures, those which are proton ordered with linear hydrogen bonds, designated as Class 4, consequently The fact that the thermal conductivity of ice VIII lies well above that of ice VII, where the only difference according to the classification scheme is that one is ordered and the other is not, and ice I1 is only moderately higher than ice I11 for the same reason, may imply that proton ordering has a more dramatic effect, on acoustic velocities and thermal conductivity, in ices that have linear hydrogen bonds.
The value for the compressional wave velocity of ice VI [7] , using Brillouin spectroscopy, was in good agreement with the present result. Recently, ultrasonic studies have been conducted [lo] on ices Ih, 111, V and VI for polycrystalline aggregates at -25OC. For comparison, some of this data has been included in the graphic depiction of the present velocity data (Figure 4) . The degree of scatter in the present transverse velocities for any phase would seem to imply that the full range of possible values was adequately represented and fairly uniformly distributed about the least-squares lines, so that the averaged velocities taken near the midpoints of the lines, at least, are very likely free of bias. Longitudinal acoustic velocities [lo] fall within -1% of the averaged values determined for the various ices in this work. There was some disagreement, however, between the two sets of transverse data. Tables I1 and 111 represent a synopsis of the present data, and how it compares with linearly interpolated values from [lo] . The adiabatic (constant entropy) bulk modulus, BS, for both sets of data was calculated from the density, and longitudinal and transverse velocities. The isothermal bulk modulus, BT, for the present work was calculated from the measured densities. The adiabatic shear modulus was calculated from the density and transverse velocity. The pressures at which the calculations were carried out, quoted in the tables, correspond to the pressures at the midpoints of the density data sets for ice 11, 111, V and VI. The pressure associated with ice Ih is the average of the pressures which were used during the determination of the elastic constants (see previous paper).
The consistency of the present results obtained using the density data, as compared with that using the velocity data, is impressive. The two methods yield bulk moduli that agree to within 5% for all ices studied. Except for ice VI, there is reasonable agreement with the results of [lo] . * Taken from [lo] 
